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Abstract:  7 
Palygorskite, sepiolites, attapulgites and various forms of ‘Rocky mountain leather’ all have a 8 
fibrous like morphology with a distinctive layered appearance.  The simplified formula of 9 
palygorskite [(OH2Mg8(OH).4Si12O30].8H2O indicates two different types of water are present. 10 
The dehydration and rehydration of palygorskite have been studied using thermogravimetry 11 
and H2O-temperature programmed desorption. X-ray diffractograms, NH3 adsorption profiles 12 
and NH3 desorption profiles were obtained for thermally treated palygorskite as a function of 13 
temperature. The results proved water molecules were derived from Si-OH units. In addition, 14 
five kinds of acid sites were found for palygorskite. The number of acid sites of external 15 
surfaces was larger than that of the internal surfaces. Bonding on the internal surface acid sites 16 
was stronger than the bonding of the external surfaces. Rehydration restored the folded 17 
structure of palygorskite when thermal treatment temperature was lower than 300oC. 18 
 19 
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1. Introduction 21 
Palygorskite (PG) is a natural one-dimensional magnesium-aluminum silicate clay 22 
mineral with dimensions between 30 and 50 nm. According to crystallographic data obtained 23 
by Serna and Vamscoyoc (Serna and Vamscoyoc, 1979), the ideal external area and internal 24 
surface of palygorskite are 300 m2/g and 600 m2/g. The behaviour of palygorskite as a sorbent 25 
material (Frost et al., 2010; Akyuz, 2005; Akyuz et al., 2010; Kuanga and Detelliera, 2005; 26 
Al-Futaisi et al., 2007) and as a catalyst support (Zhao, et al., 2006; Araujo Melo et al., 2002; 27 
Zhang et al., 2010; Herreroa et al., 1992; González et al., 1992; Araujo Melo et al., 2000; Lei 28 
et al., 2006) have attracted widespread attention due to its high external and internal surface 29 
areas. The application of palygorskite in these fields normally requires thermal treatment. 30 
There are many reports about the effect of thermal treatment on the structure, morphology, and 31 
surface properties of palygorskite. The water and hydroxyl groups on the central cation and on 32 
the surface silica groups have been investigated using infrared emission spectroscopy by Frost 33 
et al. (Frost et al., 1998; Frost et al., 2001). Characterization of dehydration and 34 
dehydroxylation during the thermal treatment process of palygorskite has been reported using 35 
infrared spectroscopy by Frost and Ding and Hayashi et al. (Frost and Ding, 2003; Hayashi et 36 
al., 1969). Their investigations showed that the loss of water up to 210 oC was not attributed to 37 
any palygorskite structural changes. However, the structure of palygorskite changed gradually 38 
owing to the elimination of coordinated water above 210 oC. Serna et al. (Serna et al., 39 
1977) studied the hydroxyl groups and water in palygorskite using atmospheres of H2O and 40 
D2O. The results showed that there were Al2-OH, (Al, Fe)-OH, (Al, Mg)-OH, (Fe3+, Fe2+)-OH, 41 
(Fe3+, Mg)-OH groups on the surface of palygorskite as well as the Si-OH groups. In addition, 42 
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there was a kind of coordinated water attributed to Mg2+ cations located in the channels at the 43 
edges of the octahedral sheets. Structural changes in palygorskite during dehydration and 44 
dehydroxylation have been investigated by Vanscoyoc et al. (Vanscoyoc et al., 1979) using 45 
infrared spectroscopy and X-ray diffraction. The results showed that palygorskite started to 46 
lose coordinated water at low temperatures, causing the structure of palygorskite to fold. NH3 47 
entering the channels of the mineral were adsorbed on the external and internal surfaces, 48 
whereas N2 was only adsorbed onto the external surfaces. Blanco et al. (Blanco et al., 1988) 49 
studied the infrared adsorption spectra of palygorskite and found two previously unreported 50 
bands attributed to OH in the 
H
SOS ii −−  and 
H
AOS li −−  groups. Frini-Srasra and Srasra 51 
(Frini-Srasra and Srasra, 2008) studied the effect of thermal treatment on palygorskite 52 
properties. Their results showed that the change of palygorskite BET is ascribed to the loss of 53 
water molecules with increasing temperature.  54 
 55 
Previous studies have focused on dehydration, dehydroxylation, changes in morphology, 56 
surface properties and pore structure evolution of thermally treated palygorskite (Chen et al., 57 
2006). However, the effects of rehydration on structure, morphology and surface properties of 58 
thermally treated palygorskite are rarely investigated (Hayashi et al., 1969; Vanscoyoc et al., 59 
1979). Rehydration of palygorskite has been followed after thermal treatment at 210, 350, 540, 60 
600, and 800 oC, using X-ray diffraction and infrared spectroscopy by Hayashi et al., (Hayashi 61 
et al., 1969). The result showed that rehydration occurred after heating to 350 oC where 62 
approximately one half of the bound water was removed, but rehydration was not observed 63 
even after heating to 540oC when all of the bound water was removed. In the present work, 64 
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NH3 adsorption-desorption experiments of palygorskite have been used to study the effect of 65 
rehydration on the structure and surface properties of thermally treated palygorskite. 66 
 67 
2. Materials and methods 68 
2.1 Material preparation 69 
Palygorskite obtained from Mingguang city, Anhui province, China was treated by drying, 70 
crushing, and screening to obtain palygorskite particles of 200 mesh (0.075 mm). Palygorskite 71 
powder was added to distillated water under high-speed stirring to form a suspension. The 72 
suspension was deposited using centrifugation, and dried at 110 oC. The purified palygorskite 73 
was then crushed and screened to obtain particles of 20-40 mesh.  74 
 75 
Palygorskite calcined at different temperature are labeled PG-200, 250, 300, 350, 400, 500.  76 
These materials were then rehydrated for 2 days (called calcination temperature-H, such as 77 
200-H). Then, rehydrated-palygorskite was calcined at different temperatures (200 oC, 250 oC, 78 
300 oC, 350 oC, 400 oC, 500 oC) (called calcination temperature-H-calcination temperature, 79 
such as 200-H-200). These materials were then crushed and screened to 20-40 mesh. 80 
 81 
2.2 Material characterization 82 
X-ray diffraction (XRD) measurement was performed on a Rigaku powder diffractometer 83 
with Cu Kα radiation. The tube voltage was 40 kV, and the current was 100 mA. The XRD 84 
diffraction patterns were taken in the range of 5-45° at a scan speed of 4° min-1. 85 
H2O-temperature programmed desorption (TPD) measurement was performed using a 86 
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mass spectrometer (MS, Hiden QIC-20).  87 
Thermogravimetric (TG) analysis was performed on a Netzsch STA449C instrument. 88 
About 20 mg of finely powdered samples was heated in an open corundum crucible from 30 to 89 
1000°C at a heating rate of 5°C/min under highly pure N2 atmosphere (20 ml/min). 90 
 91 
2.3. Experimental method 92 
Approximately 0.5g of palygorskite was pre-treated in a stream of argon (flow rate of 95 93 
ml/min), at a specific temperature (between 200 and 500oC) for 2 hours. When the temperature 94 
fell to 50oC and the mass baseline was stable, the argon (Ar) stream was replaced with 2600 95 
ppm NH3/Ar (24 ml/min) and Ar (71ml/min). After adsorption equilibrium was reached, the 96 
sample was flushed with Ar (100 ml/min) at 50oC for 1 hour to remove residual and physical 97 
adsorbed NH3. Finally, the temperature was raised to 750oC in flowing Ar (100 ml/min) at a 98 
rate of 10°C/min. The outlet gas was monitored by a mass spectrometer (Hiden QIC-20) during 99 
the entire process. The release of NH3 was monitored by tracing the m/e = 15 signal. The 100 
quantity of NH3 adsorbed during the thermal treatment of palygorskite was obtained through 101 
integral calculations of NH3 adsorption profiles at different temperatures. 102 
 103 
3. Results and discussion 104 
3.1 H2O-TPD and TG of PG 105 
The H2O-TPD was measured by MS under the conditions of PG 0.5 g, carrier (Ar) flow 106 
100 ml/min, heating rate 1oC/min from room temperature rose to 800oC. Four peaks are found 107 
from the curve of H2O-TPD of palygorskite. However, there are six peaks found from the 108 
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fitted curve (R2>0.995). The peaks corresponding to the dehydration temperature are 10oC, 109 
128oC, 239oC, 427oC, 463oC, 685oC. Additionally, the relative area of each peak were 33.1%, 110 
8.6%, 20.7%, 24.5%, 11.3%, 1.8%, respectively.    111 
 112 
The mass losses corresponding to the five dehydration steps, Fig. 2 and Table 1, are 113 
assigned as follows: 114 
    (1) According to the report of Ruiz et al. (Ruiz et al., 1996), up to 149°C and the second 115 
step, from 148oC to 278oC, should be ascribed to the loss of hygroscopic water and zeolitic 116 
water. However, according to the results of H2O-TPD (Fig. 1), the adsorption peak of zeolitic 117 
water overlaps with hygroscopic water. That is to say, the mass fraction in palygorskite of the 118 
two kinds of water is around 11.5%.  119 
(2) The third step, from 304oC to 479oC, corresponding to the first molecules of water 120 
coordinated to the octahedral sheet, 3.7%., which is overlapped a little with hygroscopic water 121 
and the second coordinated water (Fig. 1). 122 
(3) The loss of the rest of the coordinated water molecules takes place from 479 oC, 123 
overlapping with the dehydroxylation associated with the octahedral sheet which belongs to the 124 
fourth water—hydroxyl groups water. 125 
(4) The fifth step can be recognized at 706oC, which should be ascribed to the dolomite 126 
impurities obtained from the XRD of PG and dehydroxylation derived from Si-OH. This is in 127 
harmony with the report of Serna et al (Serna et al., 1977). 128 
 129 
According to the discussion above, there are four kinds of water in palygorskite: (a) 130 
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hygroscopic water, (b) zeolitic water, (c) coordinated water and (d) water from hydroxyl groups 131 
(octahedral sheet and tetrahedral sheet). Combining with the results of H2O-TPD, the 132 
approximate ratio of coordinated water: hydroxyl groups water (octahedral sheet) =4:1, which 133 
corresponds with the chemical formula of palygorskite Mg5Si8O20(OH)2(OH2)4·nH2O (Drits 134 
and Sokolova, 1971).   135 
 136 
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Fig. 1. H2O-TPD of PG 138 
 139 
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Fig. 2. Thermal analysis of palygorskite 141 
 142 
Table 1. Observed mass loss of palygorskite 143 
Temperature/oC <143 148-278 304-479 479-663 663-1000 
Mass loss/% 9.1 2.4 3.5 3.7 1.4 
 144 
3.2 XRD of palygorskite thermally treated at different temperatures 145 
The XRD patterns of palygorskite thermally treated at different temperatures are 146 
presented in Fig. 3. The peaks at 2θ=8.3°, 13.8°, 16.3°, 19.8°, 21.4°, 27.5° are observed and 147 
identified as palygorskite. In addition, the peaks at 2θ=20.7°, 26.6° and 2θ=30. 9° are assigned 148 
to quartz and dolomite impurities. The intensity of palygorskite peaks at 2θ=8.3°, 19.8°, 21.4°, 149 
27.5° decreased with increasing thermal treatment temperature. In addition to, the peaks at 150 
2θ=9.6° and 18.8° are observed when PG was thermally treated at 250 oC, attributed to the 151 
structure folding of (110) plane and (040) planes of palygorskite. The peaks at 2θ=16.3° shift to 152 
lower spaces when palygorskite was thermally treated at 350 oC. That is to say, textural 153 
changes, in part, can be inferred from the XRD patterns above 250 oC and (130) plane spacing 154 
decrease when thermal treatment is over 350oC, attributed to the loss of coordinated water in 155 
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the pore structure of palygorskite. This is good agreement with the result of TG and H2O-TPD 156 
of palygorskite. 157 
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Fig. 3. XRD of PG thermally treated at different temperatures 159 
 160 
3.3 XRD of palygorskite thermally treated and rehydrated 161 
XRD patterns of palygorskite thermally treated and rehydrated are shown in Fig. 4. The 162 
diffraction peaks corresponding to palygorskite can be observed at 2θ=8.3°, 13.8°, 16.3°, 19.8°, 163 
21.4°, 27.5°. In addition, the peaks at 2θ=20.7°, 26.6° and 2θ=30.9° are assigned to quartz and 164 
dolomite. It can be seen that the diffraction peaks corresponding to palygorskite become more 165 
intense after rehydration when the calcination temperature is lower than 500oC compared to 166 
thermally treated-palygorskite.  What’s more important, the diffraction peaks of palygorskite 167 
are almost identical when thermal treatment is lower than 300oC. That is to say, textural 168 
changes of palygorskite calcinated at temperatures lower than 300oC are reversible through 169 
rehydration. According to the H2O-TPD of palygorskite, it is concluded that the change of 170 
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structure is reversible even when the first molecules of water coordinated to the octahedral 171 
sheet is lost.  172 
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Fig. 4. XRD of PG thermally treated and rehydrated 174 
 175 
3.4 NH3 adsorption of PG after thermal treatment and rehydration 176 
NH3 adsorption profiles of palygorskite thermally treated at different temperatures are 177 
illustrated in Fig. 5. The quantity of NH3 adsorbed on thermally treated palygorskite is 178 
obtained and summarized in Table 2. The amount of NH3 adsorbed on thermally treated-PG 179 
decreased by 217 μmol/g when thermal treatment temperature increases to 500oC. The gradual 180 
decrease of NH3 adsorbed on palygorskite is attributed to the loss of different water molecule 181 
with increasing thermal treatment.    182 
 183 
NH3 adsorption profiles of palygorskite thermally treated at different temperatures and 184 
rehydrated, are illustrated in Fig. 6. The amount of NH3 adsorbed on rehydrated-PG increases 185 
by 248, 393, 357, 162, 165 μmol/g resulting from the rehydration of calcinated- palygorskite, 186 
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compared to the thermally treated palygorskite. Furthermore, the amount of NH3 adsorbed on 187 
PG-200-H, PG-250-H, PG-300-H increases by 177, 238, 168μmol/g, respectively, when 188 
compared to palygorskite. Especially, the amount of NH3 adsorbed on PG-250-H comes to 189 
555μmol/g which is greater than other materials. According to the report (Singer, 1977), 190 
exchangeable cations (Ca2+, Mg2+, K+) are found in palygorskite and part of pore channel can is 191 
filled with these cations. Therefore, it is speculated that all or part of exchangeable cations can 192 
be dissolved when thermal treatment temperature comes to 250 oC. In addition, rehydration of 193 
PG-250 could restore the lost first coordinated water. This results in the increase of acid 194 
adsorption sites, which increase the adsorbed NH3 on PG-250-H. 195 
 196 
Therefore, rehydration not only restores the folded structure of palygorskite, but also 197 
increases the acid sites when thermal treatment is lower than 300 oC.    198 
      199 
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  Fig. 5. NH3 adsorption of PG after thermal treatment  201 
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Fig. 6. NH3 adsorption of palygorskite after thermal treatment and rehydration 203 
 204 
205 
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Table 2.  Breakthrough time and NH3 adsorption amount of palygorskite and 206 
rehydrated palygorskite 207 
 
Thermal treatment 
temperature/oC 
25 200 250 300 400 500 
PG 
Breakthrough time /min 104 81 53 42 37 33 
NH3 adsorption amount/μmol/g 317 247 162 128 112 100 
Rehydrated 
PG 
Breakthrough time /min — 162 182 159 90 87 
NH3 adsorption amount/μmol/g — 494 555 485 274 265 
 208 
3.5 NH3 desorption of PG thermally treated at different temperatures and rehydrated 209 
Fig. 7 depicts NH3 desorption profiles of palygorskite thermally treated at different 210 
temperatures, while Table 3 gives a summary of the NH3 desorption results of palygorskite 211 
thermally treated at different temperatures. Four NH3 desorption peaks can be found in the 212 
profiles of palygorskite, PG-200, PG-250, two peaks in PG-300 and one peak in PG-400, 213 
PG-500, which should be contributed to the loss of acid site on external and internal surface of 214 
palygorskite. In addition, all peak areas decrease with increasing thermal treatment temperature, 215 
which is attributed to the decrease of acid sites of palygorskite. In addition, several desorption 216 
temperatures indicate that there are several kinds of acid sites derived from palygorskite and 217 
stronger acid sites can be found in the internal pores of palygorskite. What is more important, 218 
desorption temperatures of NH3 correspond to the desorption temperature of water. The 219 
decrease of T3 can be explained as the decrease of water molecules coordinated to the 220 
octahedral sheet. That is to say, acid sites are attributed to the different kinds of water 221 
molecules and this affects the strength of acid sites. The loss of T4 and T5 in NH3 desorption 222 
profiles of PG-300, PG-400, PG-500 should be ascribed to the textural change of PG, which 223 
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hampers the entry of NH3 molecules. 224 
 225 
NH3 desorption profiles of palygorskite thermally treated at different temperatures and 226 
then rehydrated is showed in Fig. 8, while a summary of the NH3 desorption results of PG 227 
thermally treated at different temperatures is presented in Table 4. It can be seen from Fig. 8 228 
that there are five peaks corresponding to NH3 desorption on PG-250-H. As well, there are 229 
four peaks and two peaks observed for PG-200-H and PG-300-H, PG-400-H, PG-500-H. The 230 
appearance of T2 in the profile of PG-250-H indicates that more NH3 molecules are adsorbed 231 
on the acid sites derived from the first coordinated water. This is good agreement with the 232 
result of NH3 adsorption on palygorskite thermally treated at different temperatures. 233 
Additionally, the loss of T4 and T5 in the profiles of PG-300-H, PG-400-H, PG-500-H shows 234 
that the folded structure can not be restored by rehydration when thermal treatment is above 235 
300oC, in harmony with the results of XRD of rehydrated-palygorskite.  236 
 237 
Additionally, the peaks area of rehydrated-palygorskite decrease with increasing thermal 238 
treatment temperature except for PG-250-H. Although T1, T3 can be found on PG-300-H, 239 
PG-400-H, PG-500-H from Table 4, the peak areas decrease significantly. Besides, the amount 240 
of NH3 adsorption on PG-300-H, PG-400-H, PG-500-H is larger than PG-300, PG-400, 241 
PG-500. It indicates that the folded structure is almost irreversible when calcination 242 
temperature exceeds 300oC and rehydration increases the adsorption amount of NH3. This is in 243 
harmony with the results of XRD and NH3 adsorption. 244 
 245 
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Finally, according the result of H2O-TPD and NH3 desorption, there are five kinds of acid 246 
sites in palygorskite, derived from external surface (T1) and internal pore channel (T2, T3, T4, 247 
T5). The acid site of internal surface is stronger than that of external surface. However, the 248 
number of acid site of external surface is larger than internal surface.  249 
 250 
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Fig. 7. NH3 desorption of palygorskite thermally treated at different temperatures 252 
 253 
 254 
Table 3. NH3 desorption température of palygorskite thermally treated at different 255 
temperatures 256 
Thermal treatment  
temperature/oC 
Desorption temperature(oC) 
T1 T2 T3 T4 T5 
25 105 — 470 530 710 
200 105 — 420 547 696 
250 105 — 399 549 696 
300 105 — 384 — — 
400 — — 340 — — 
500 — — 360 — — 
 257 
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Fig. 8. NH3 desorption of palygorskite thermally treated at different temperatures and 259 
rehydrated 260 
 261 
Table 4. NH3 desorption temperature of PG thermally treated and rehydrated 262 
Thermal treatment  
temperature/oC 
Desorption temperature/oC 
T1 T2 T3 T4 T5 
200 130 — 410 580 700 
250 144 294 410 560 700 
300 120 — 410 — — 
400 120 — 440 — — 
500 120 — 440 — — 
 263 
4. Conclusions 264 
The following conclusions are made: 265 
(1) An additional source of water is obtained in palygorskite—hydroxyl groups derived from 266 
Si-OH. The change of crystal structure of (110) and (040) plane happens when thermal 267 
treatment temperature is over 250 oC and (130) plane spacing decrease apparently when 268 
thermal treatment over 350 oC. 269 
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(2) Five kinds of acid sites were found in palygorskite using NH3 desorption. The number of 270 
acid sites of external surface is higher than for internal surfaces. However, bonding on acid 271 
sites of internal surfaces is stronger than the bonding on external surfaces.  272 
(3) Rehydration not only restore the folded structure of palygorskite providing the thermal 273 
treatment is lower than 300 oC, but also increase the number of acid sites, especially, when 274 
thermal treatment temperature comes to 250 oC. 275 
 276 
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